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Abstract:



Carbon aerogels are highly porous materials with a large inner surface area. Due to their high electrical conductivity they are excellent electrode materials in supercapacitors. Their brittleness, however, imposes certain limitations in terms of applicability. In that context, novel carbon aerogels with varying degree of flexibility have been developed. These highly porous, light aerogels are characterized by a high surface area and possess pore structures in the micrometer range, allowing for a reversible deformation of the aerogel network. A high ratio of pore size to particle size was found to be crucial for high flexibility. For dynamic microstructural analysis, compression tests were performed in-situ within a scanning electron microscope allowing us to directly visualize the microstructural flexibility of an aerogel. The flexible carbon aerogels were found to withstand between 15% and 30% of uniaxial compression in a reversible fashion. These findings might stimulate further research and new application fields directed towards flexible supercapacitors and batteries.
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1. Introduction


Carbon aerogels are open-porous materials with a three-dimensional micro- and mesoporous network. They can be obtained by carbonization of organic aerogels under an inert atmosphere, for instance those consisting of nitrogen or argon [1]. Due to many excellent properties, such as a large surface area, a tunable, high porosity, and a low bulk density, carbon aerogels are promising materials for hydrogen storage or as a radiation adsorption material [2,3]. Combined with their high electrical conductivity, they are ideally suited for electrochemical double layer capacitors [4,5,6,7].



Organic aerogels are generally synthesized via sol-gel processes using various organic precursors such as resorcinol-formaldehyde [8], cresol-resorcinol-formaldehyde [9], and others [10]. Organic resorcinol-formaldehyde (RF) aerogels can be produced via polycondensation of resorcinol and formaldehyde in water treated with a base (as pioneered by Pekala [11]) or acid (as initially described by the Ehrburger-Dolle and Merzbacher groups, respectively [12,13]). Several research teams have shown the influence of the pH value of the sol [7,14], the molar ratio of resorcinol to catalyst (R/Cat) [15], the catalyst type [16,17], and the drying method [18,19] on the morphology of RF aerogels and, consequently, of carbon aerogels. Moreover, the temperature of carbonization and its duration influences the final microstructure [20,21,22]. It has been reported that the significant shrinkage during carbonization leads to an increase in surface area and in the bulk density.



Pekala et al. investigated the influence of microstructure on the mechanical properties of carbon aerogels [23]. They observed that the compressive modulus and the compressive strength of aerogels are both strongly dependent on the bulk density. The observation that the stiffness of carbon aerogels is ten times higher than that of their uncarbonized RF analogs was explained by an improved degree of interconnection between particles during carbonization. While compressive moduli were in the range of 0.1–20 MPa, the corresponding carbon aerogels exhibited a compressive modulus that was 50 times higher.



In the literature, carbon aerogels are consistently described as robust, glassy, and brittle. They are reported to possess a great stiffness and strength, yet no ductility. They are commonly prepared using brittle RF precursors. Our research group has recently succeeded in preparing RF gels with varying degree of stiffness, spanning from brittle, to rubber-like, to super flexible [24,25]. Innovative flexible devices such as touch screens, roll-up displays, implantable medical devices, and wearable sensors induce a rapid development of flexible electronics. The flexibility of energy storage devices enables forming, shaping, and mechanical stability of the components of electronic tools [26]. Due to high interest in flexible electrode materials and new demands on energy storage systems [27], an improvement to provide flexible carbon aerogels is of great importance. In the present paper, we report our studies on the carbonization of flexible RF aerogels. The flexibility of the resulting carbon aerogels is investigated by in-situ compression within a scanning electron microscope (SEM). The technique allows the in-situ observation of the structural evolution of the porous aerogel network during loading-unloading. The group of Sun et al. utilized this method to visualize the compression-release process of carbon aerogels produced from carbon nanotubes (CNTs) [28]. They showed the macroscopic changes of the aerogel samples. In this study we visualize, with the help of this technique, the deformation of individual pores (pore size in the range of 2–20 µm) in the 3D network.




2. Results and Discussion


2.1. Classification of Aerogels


For our study we produced two types of RF aerogels and pyrolized them to carbon aerogels. The first type is termed low-flexible (lf-RF) RF aerogel and its carbonized form lf-C (low-flexible carbon) aerogel. A second type, super-flexible RF (sf-RF), resulted in carbonized sf-C aerogels.




2.2. Properties of Flexible Resorcinol-Formaldehyde and Carbon Aerogels


The general properties of the aerogels produced are given in Table 1. Low density, high porosity, and low thermal conductivity distinguish the two flexible RF aerogels. Their carbonization caused a high shrinkage and a decrease in the bulk density ρb, due to a release of volatile matter, such as water, carbon dioxide, and hydrocarbons [29]. The porosity increases slightly; the specific surface area rose abruptly. The skeletal densities ρs also increased to 1.99–2.12 g·cm−3, which corresponds to a narrowing or closure of micropores and which approaches the density of pure graphite (2.25 g·cm−3) [30].



Table 1. General properties of synthesized aerogels.







	
Sample

	
Bulk Density

	
Skeletal Density a

	
Porosity b

	
Electrical Conductivity c

	
SBET

	
Thermal Conductivity d

	
Compressive Modulus




	
(g·cm−3)

	
(g·cm−3)

	
(%)

	
(S·cm−1)

	
(m2·g−1)

	
(W·m−1·K−1)

	
(MPa)






	
lf-RF

	
0.093

	
1.51 ± 0.007

	
94

	
-

	
5

	
0.044 ± 0.0002

	
0.07




	
lf-C

	
0.089

	
1.99 ± 0.010

	
95

	
0.21 ± 0.015

	
604

	
0.050 ± 0.0007

	
0.16




	
sf-RF

	
0.074

	
1.46 ± 0.007

	
95

	
-

	
28

	
0.041 ± 0.0009

	
0.02




	
sf-C

	
0.057

	
2.12 ± 0.033

	
97

	
0.11 ± 0.015

	
659

	
0.069 ± 0.0017

	
0.06








a,c,d Standard deviations were determined after multiple measurements of the samples: 10 measurments for a; 4 for c,d; b The porosity was calculated from bulk and skeletal densities.








The thermal conductivity of low-flexible RF aerogels is about 6.8% higher than that of super-flexible ones. Since their solid content is identical, the difference can be caused by different heat transfer via the gaseous phase, which is characterized by the Knudsen number Kn, the ratio of the mean free path of an air molecule under given temperature and pressure conditions to the pore size [31]. The effective thermal conductivity [image: there is no content] via the gas phase is often described by a simple relation


[image: there is no content]



(1)




with [image: there is no content] representing the diffuse thermal conductivity of the gas under standard conditions, and constant β is approximately 2 for nitrogen [32,33]. Smaller pores correspond to a higher Knudsen number, and therefore a lower heat transfer via gaseous phase. To prove our assumption, we calculated with Equations (2) and (3) the average pore size of the RF aerogels.



The specific pore volume vpore is given by


[image: there is no content]



(2)




and can be used to calculate the average pore size dav using specific surface area SBET [34]


[image: there is no content]



(3)







Average pore sizes of 8.5 µm and 1.8 µm were calculated for lf-RF and sf-RF aerogels, respectively. At room temperature and normal pressure, the mean free path of an air molecule is 69 nm, and thus we have in lf-RF a Knudsen number of 0.008 and in sf-RF a value of 0.039. Assuming β ≈ 2, we have in sf-RF aerogels a reduction of the gas thermal conductivity by around 13%, while in lf-RF aerogels this contribution is around 3%. The thermal conductivity of corresponding carbon aerogels increased slightly, probably caused by the electronic contribution. This effect was discussed by Fricke and coworkers, who showed that in the electrically well conducting carbon aerogels the electronic contribution, calculated with the Wiedemann-Franz law, is only a few percent of the phonon contribution [35]. Assuming a similar phonon contribution in the RF and C aerogels, this electronic effect could account for the difference.



The carbonization of RF aerogels led to stronger materials: their compressive moduli nearly doubled, which is in agreement with previous work [23].



The electrical conductivity of lf-C is two times higher than that of sf-C, which is in agreement with the work of Lu et al. [36]. Their results showed that electrical conductivity increases with envelope density.




2.3. Microstructure of Resorcinol-Formaldehyde and Corresponding Carbon Aerogels


The network of a low-flexible RF aerogel is shown in Figure 1. We would like to point out the large pores in the structure that allow for ambient drying, since the capillary stresses are inversely proportional to the pore radius and thus the stress on the solid network during evaporation is reduced. One other important function of the relatively large pores compared to the particle size is the flexibility. Sufficient space between pore walls ensures elastic deformation of the network. As we can see in Figure 2, the carbonized structure of lf-RF is similar: large pores and small particles. We calculated the particle size of both aerogels from SEM images with high magnification (see the insets). Due to the carbonization the particles of lf-C are 20% smaller than that of lf-RF.


Figure 1. Microstructure of lf-RF aerogel with an average particle size of 0.45 µm and large pores of about 8.5 µm.



[image: Carbon 02 00022 g001]





Figure 2. Microstructure of lf-C aerogel with an average particle size of about 0.36 µm and average pore size of about 71 nm.



[image: Carbon 02 00022 g002]






The structures of super-flexible RF and carbon aerogels possess smaller particles and pores than low-flexible aerogels. Also here we point out that the large pores play a crucial role for their flexibility. As shown in the Figure 3 and Figure 4, the particle size was reduced after carbonization. The reduction of approximately 23% is similar to that of low-flexible aerogels.


Figure 3. Microstructure of sf-RF aerogel with particles of about 0.12 µm and an average pore size of about 1.8 µm.



[image: Carbon 02 00022 g003]





Figure 4. Microstructure of sf-C aerogel with an average particle size of 0.09 µm and an average pore size of about 104 nm.



[image: Carbon 02 00022 g004]






The mass loss Δm during pyrolysis, which can be measured by thermogravimetric analysis (TGA), can be used to calculate the particle size of the carbonized aerogel. We assume that


[image: there is no content]



(4)




where mC is the mass of the carbon aerogel particle and mRF of the RF aerogel. The mRF can be expressed as


[image: there is no content]



(5)




where VRF is the volume of a spherical RF particle and ρsRF is the skeletal density of RF aerogel. It can be also expressed as


[image: there is no content]



(6)




where rRF is the radius of the RF particle.



The radius of the carbon aerogel particle can be then calculated with Equation (7):


[image: there is no content]



(7)







The calculated particle sizes are summarized in Table 2. The differences of the two methods are 16% for lf-C and 21% for sf-C. They are, in our opinion, caused by inaccuracy from the linear extension of the particles between their boundaries. The difficulty of this method is that the boundaries between particles are partly not well visible and SEM images do not give the complete information about their true 3D structure.



Table 2. Comparison of two methods for the calculation of particle size.







	
Sample

	
Particle Size Determined from SEM Image, µm

	
Particle Size Calculated from TGA, µm






	
lf-C

	
0.36

	
0.30




	
sf-C

	
0.09

	
0.07










Remarkable for both kinds of aerogels is the change of connectivity between the particles. One can see that carbonized structures possess thicker necks and on some places they are not visible anymore. The chains of particles are denser, and they are merged closer together. These changes are reminiscent of coarsening processes, by which the structure is compacted [37]. First, the surface curvature differences modify diffusion and evaporation, such that material is transported from highly curved areas to those with smaller or negative curvature. In total the surface energy in the sample is reduced [38]. We speculate that these morphological changes during pyrolysis occur as follows: In the initial stage of pyrolysis, additional intermolecular bonds are formed between aromatic rings. In the later stages, the crosslinks begin to break, while solid is transported to the pores. The filling of pores leads to compaction of the material and to a partly closed-porous structure, which explains the increase of the bulk and skeletal densities. The compaction of the material is followed by a reduction of the particle boundary interface area and coarsening of the structure. In the last stage of pyrolysis, at high temperature the evolution of hydrogen takes place as a result from splitting of hydrogen atoms directly bonded to benzene rings. The final structure consists of coalesced rings [39]. Congruent with this picture is the change in the particle’s surface morphology. During pyrolysis they became smoother, as if they have a cover on their surface. This process was described by Gruber [38], treating quite generally the smoothing of rough surfaces by curvature driven mass transport. Previous investigations show that this kind of structural modifications (merging or smoothing) cause a strengthening of the aerogels [40,41].



The load-deformation curves are shown in Figure 5 and Figure 6. The slopes in the Hookean regions of carbon aerogels are steeper than that of the corresponding RF aerogels. In that region, we calculated the compressive modulus with a linear fit. The compressive moduli of carbonized aerogels are greater by a factor of two. Additionally, a higher slope for the low-flexible aerogels when compared to the super-flexible ones can be observed and explained by higher stiffness (or lower flexibility) of the aerogels.


Figure 5. Compression curves of low-flexible aerogels.



[image: Carbon 02 00022 g005]





Figure 6. Compression curves of super-flexible aerogels.



[image: Carbon 02 00022 g006]






The change in the pore structure was investigated with the help of nitrogen absorption isotherms at 77 K shown in Figure 7 and Figure 8. According to IUPAC classification, all the isotherms are of type IV [42], although without a marked plateau at higher pressures. We observe a special kind of hysteresis between adsorption and desorption. In contrast to many aerogels, which exhibit a type H4 hysteresis, in all cases reported here the difference between the adsorption and desorption branch extends to the lowest pressures we could measure. This is discussed in the literature as having two possible causes: first, there could be bottleneck pores with an entrance in the range of the adsorbent size, which would lead to a delayed desorption. Second, there could be a swelling or irreversible deformation of the solid-skeleton due to capillary condensation at higher nitrogen pressures. Such an irreversible deformation might be possible for these aerogels, since their elastic modulus is low and the capillary stresses during evaporation could deform locally on a microscopic scale of the solid skeleton. A further clarification of this might be possible using different adsorbents and techniques, which allow better resolution of the isotherms at lower pressures. Another striking feature of the isotherms is the steep increase at low relative pressure, which is much higher for carbon aerogels than for RF, indicating the presence of micropores. The increase of microporosity caused a significant rise in surface area up to about 659 m2·g−1. Comparing these data with the SEM images shown before, the result might be astonishing, since there we observed smooth particles. One should, however, take into account that micropores are in the range of 2 nm and thus cannot be seen in those SEM images.


Figure 7. Adsorption and desorption isotherms of lf-RF and lf-C aerogels.



[image: Carbon 02 00022 g007]





Figure 8. Adsorption and desorption isotherms of sf-RF and sf-C aerogels.



[image: Carbon 02 00022 g008]







2.4. SEM with In-Situ Compression Test of Low-Flexible and Super-Flexible Carbon Aerogels


We utilized SEM to observe in-situ the microscopic structural evolution of flexible carbon aerogels during compression-release tests in order to probe the mechanism of their elasticity. We cut the samples into cubes for measuring the degree of relative compression. The compression test was performed after a sufficiently large pore was found in the structure of the aerogel. Upon loading the observed pore (or several pores) was deformed and recovered to its original shape once the loading was released.



2.4.1. Low-Flexible Carbon Aerogel


In the structure of the low-flexible carbon aerogel, shown in Figure 9 “Before test”, we found a large, elongated pore that was approximately 100 µm long and 20 µm thick. We observed the deformation of the whole pore and especially of the location marked with an arrow. After 5% of relative compression, one can see the pore walls come closer together, and the distance becomes almost half its original width. After a further 5% of compression, the distance is reduced again. Finally, after 15% of compression the pore walls touch each other. We marked with three arrows the new contact places. In the upper part, the particles are so near that they almost closed the pore. Upon the removal of the load we observed the “reopening” of the pore: the pore walls moved back to their initial position. The pore possessed the same shape and approximately an equal size as before deformation.


Figure 9. In-situ compression test in SEM of the low-flexible carbon aerogel. Sample was compressed until 15% of initial width and unloaded. The red arrows show the area of most visible deformation during test. A closing of the pore in the upper part and reopening after unloading can be observed.



[image: Carbon 02 00022 g009]






The curves of the compression test are shown in Figure 10. As already mentioned, due to the non-perfect shape of the sample, in the first stage up to 2.5% of compression, the force increased very slightly and in a non-linear fashion. Once the sample was oriented in the loading cell, the force rose almost linearly. After reaching 14.4% a slight decrease of the stress was observed, indicating the ultimate strain of rupture, where the porous structure collapses. The large hysteresis loop between the loading and unloading curves confirms the partly irreversible nature of the deformation occurring in the material. It should be noted that during the compression tests a formation of dust around the sample was observed. Also some very small crumbs of the sample were found after the in-situ compression in the loading cell.


Figure 10. Loading and unloading curves of the low-flexible carbon aerogel. The large hysteresis speaks for the deformation of the sample.



[image: Carbon 02 00022 g010]







2.4.2. Super-Flexible Carbon Aerogel


The compression test of the super-flexible carbon aerogels was carried out similarly to that of the low-flexible aerogels. Since we know that these aerogels are more flexible, we compressed them twice as much as the low-flexible carbon aerogels. A large, oval pore and an adjacent small, round pore, shown in Figure 11, were chosen. A third, tiny, pore at the bottom right of Figure 11 was also tracked. Upon 10% of compression several changes in the structure were detected: First, the tiny pore in the corner disappeared. Second, the larger pore opened and two formerly connected particle chains disconnected. Third, the distance marked with an arrow between particles of the large oval pore increased as the compression progressed. After 20% of relative compression new particles and parts of the network previously in the background became visible. Finally, after 30% of compression the shape of the oval pore changes, and the round pore above could not be clearly identified anymore. The subsequent unloading gradually led back to the initial position of the pore walls, and also the shape of the pores was restored. The tiny pore in the corner reappeared, and the round pore obtained its initial shape. The network which came up from the background disappears. Certainly, the contact in the broken chain was not rebuilt, but the ends of the chains came back into very close proximity.


Figure 11. In-situ compression test in SEM of the super-flexible carbon aerogel. The deformation of the sample up to 30% is completely elastic. Three positions, marked with red arrows, show opening, closing, and deformation of pores. After unloading the pores of different size come back to the initial size and shape.



[image: Carbon 02 00022 g011]






The compression curves form a small hysteresis loop, shown in the Figure 12, confirming a high degree of flexibility for this material. After 30% compression one can see that the sample is still in Hooke’s region. The deformation is elastically reversible.


Figure 12. Loading and unloading curves of the super-flexible carbon aerogel showing reversible deformation after 30% compression.



[image: Carbon 02 00022 g012]






Our investigations demonstrate the flexibility of the two types of carbon aerogels. With the help of SEM images it is possible to follow the reversible deformation of pore walls. We can see that large pores are crucial for a bending deformation of the walls without breaking. Pore walls formed with small particles such as sf-C possess a higher degree of flexibility. The pore walls of low-flexible carbon aerogels consist of larger particles with consequentially lower flexibility.



Since the porous structure is completely dependent on the synthesis route of the RF aerogels, the flexibility is tunable. A structure with as small as possible particles and as large as possible pores will possesses the highest ability for reversible deformation. Such a structure could be formed in highly diluted sol-solutions (with low resorcinol amount) and with a high amount of catalyst.



Nevertheless, the flexibility of carbon aerogels is limited. Due to the stiffness of the particles attained during pyrolysis, their flexibility is almost two times lower than that of the corresponding RF aerogels.






3. Materials and Methods


3.1. Materials and Methods


Anhydrous sodium carbonate and resorcinol (purity ≥ 98%) were purchased from Aldrich, aqueous solution of formaldehyde (37% w/w, stabilized with 10% methanol) from Merck, Germany. Acetone (pure, technical grade) was purchased from Th. Geyer, Germany. The pH values were continuously measured by means of a SevenEasy pH device with relative accuracy of ±0.01 and the pH electrode InLab® Expert Pro (Mettler Toledo, Giessen, Germany). The standardized aqueous solution of nitric acid (2.0 M) was supplied by Alfa Aesar, Karlsruhe, Germany. Deionized water was used for the synthesis and was obtained using a TKA DI 2000 water purification system (TKA, Niederelbert, Germany), which was regenerated by Evoqua Water Technologies GmbH (Günzburg, Germany). Sealable polypropylene containers of 180 mL for gelation (with screw-cap) and 400 mL containers for washing (press-on lid) were purchased from VWR, Darmstadt, Germany. Continuous supercritical drying was carried out using an autoclave with a 12 L volume (Eurotechnica, Bargteheide, Germany) using carbon dioxide 4.5 (purity ≥ 99.995%) from Praxair, Hürth, Germany. The ambient drying took place in a drying cabinet (Memmert GmbH, Schwabach, Germany). Carbonizations were carried out in an electric furnace (Standardofen “F(A)”, Gero Hochtemperaturöfen GmbH, Neuhausen, Germany). As inert gas, argon 4.6 (purity ≥ 99.996%) from Praxair (Düsseldorf, Germany) was used.




3.2. Synthesis of Aerogels


At room temperature, resorcinol (R) was dissolved in deionized water (W) and stirred at 150 rpm using a cross-magnetic stirring bar. Then, an aqueous solution of formaldehyde (F) and solid sodium carbonate (Cat) were added subsequently to the stirred resorcinol solution. After 5 min, the pH was adjusted to 5.4–5.6 by dropwise addition of 2N nitric acid solution. The stirring at room temperature was continued (lf-RF: 30 min; sf-RF: 60 min), and the homogeneous transparent solution was placed in a sealable polypropylene container for seven days in an oven at 80 °C (see Table 3). During gelation and curing the lf-RF gels became dark-brown, while sf-RF appeared beige or brown beige, due to different particle sizes in the structure of gels. After seven days of gelation and aging the wet lf-RF gel was dried for one day at 80 °C in a drying cabinet. The sf-RF gels were cooled down to the room temperature and transferred into an acetone bath in order to remove residual reagents and to exchange water by acetone being soluble in supercritical carbon dioxide. The acetone washing was repeated six times. The supercritical drying was carried out with CO2 in an autoclave of 12 L volume (Eurotechnica, Bargteheide, Germany) at 45 °C and 83 bars for 5 days (circa 32 h). The degassing rate was adjusted to 0.1 bars per minute.



Table 3. Synthesis parameters of low-flexible and super-flexible resorcinol-formaldehyde and carbon aerogels.







	
Type of Aerogel

	
R:Cat Molar Ratio

	
R:W Molar Ratio

	
R:F Molar Ratio

	
Stirring Time (Min)

	
Drying Conditions

	
Pyrolysis Conditions






	
lf-RF

	
50

	
0.008

	
0.5

	
30

	
Ambient pressure, 80 °C, 1 day

	
-




	
lf-C

	
50

	
0.008

	
0.5

	
30

	
Ambient pressure, 80 °C, 1 day

	
1000 °C, one hour, with Ar




	
sf-RF

	
50

	
0.008

	
0.5

	
60

	
With super-critical CO2

	
-




	
sf-C

	
50

	
0.008

	
0.5

	
60

	
With super-critical CO2

	
1000 °C, one hour, with Ar










One half of the resulting RF aerogels were subjected to pyrolysis. The aerogels were placed in the furnace, purged three times with argon, and heated to the carbonization temperature of 1000 °C. The heating rate was adjusted to 6–7 K·min−1, and argon was passed through the furnace applying a pressure of 4 bar. The samples were maintained at these conditions for 60 min and then cooled down to room temperature under a flow of argon.




3.3. Characterization


The bulk density and the linear shrinkage were calculated from measured volume and weight of an aerogel piece. The skeletal density was measured with AccuPyc (Micromeritics, Aachen, Germany). The thermal conductivity was determined at ambient conditions by the Transient Plane Source method with HotDisk 2500 S with a sensor 5501 (radius 6.403 mm) (Hot Disk, Goeteborg, Sweden). Surface area and pore size distribution of aerogels were determined by the nitrogen adsorption-desorption method BET/BJH (TriStarII, Micromeritics, Aachen, Germany). Before analysis, the samples were outgassed for 6 h at 110 °C and 0.1 mbar. The microstructure of the aerogels was investigated using a scanning electron microscope (Zeiss, Merlin, Germany). Non-conductive resorcinol-formaldehyde aerogels were coated with gold before microscopy. For all materials, compression tests were performed according to EN ISO 604 on a universal testing machine (Latzke, Wiehl, Germany) and using load cells of 100 N with a rate of compression of 1 mm per minute [43]. For the thermogravimetric analysis (TGA) the analyzer Netzsch-TGA 209 F1 Iris was used (Netzsch, Selb, Germany). The heating rate was adjusted to 10 K·min−1 under argon atmosphere with a flow rate of 40 mL·min−1.



The in-situ compression tests were performed with carbon aerogels cut to 10 mm × 10 mm × 5 mm samples and a rate of compression of 5 µm per minute. The measurements were carried out by means of a Kamrath & Weiss Deformation Devices System (DDS) machine (Dortmund, Germany) and a Zeiss Ultra 55 scanning electron microscope (Zeiss, Oberkochen, Germany). At the beginning of the measurements, one large pore in the structure of an aerogel was chosen, and its size was measured. During compression the selected pore was observed permanently, and after every 5% of relative compression the loading cell was stopped and a SEM image was taken. When the maximum relative compression was reached the sample was gradually unloaded, and, again, SEM images were taken every 5% of relative compression until reaching the initial position. The measurements showed that using a higher speed of compression leads to a too fast movement of the investigated pore, so that the pore under investigation was lost. Therefore, a relatively low speed of deformation given above was selected. The RF aerogels could not be investigated with this technique due to charging of the samples even during the first minutes of measurements. Due to manual cutting of the sample with a scalpel, the main uncertainty in these measurements originates from the size and shape of the sample. The not perfect parallelepiped shape of the samples is reflected in the compression curves, where the force starts to rise non-linearly until 1%–3% of compression.



The average particle size was calculated from SEM images from the linear extension of the particles between their boundaries [44], which is also applicable for aerogels as long as they possess a particulate structure.



The electrical conductivity of carbon aerogels was measured with the HTS Sigma II facility using a four-probe inline technique at room temperature [45].





4. Conclusions


Low- and super-flexible carbon aerogels were synthetized from flexible resorcinol-formaldehyde aerogels. Since there is a need for flexible structures for energy storage devices, developed aerogels could be suitable candidate for such materials. Properties of both RF and carbon aerogels are discussed in this work. The microstructure of the aerogels plays a decisive role in achieving their flexibility. With help of SEM in-situ compression tests we could for the first time visualize the flexibility in the network of carbon aerogels. This technique allows us an insight into the deformation of flexible aerogels and opens new possibilities in the characterization of flexible porous material. The low-flexible carbon aerogel (lf-C) was compressed up to 15%, and the super-flexible (sf-C) was compressed up to 30%. Both samples recovered almost completely back to initial size and shape after unloading.
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